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1 1NTRODUCTION 

1 1 HISTORICAL BAOKGHDUND AND OVERVIElf 
111 Henbrane developnent over the years 

Membranes have been known from the time osmosis was discovered 
In 1748 Abbe Nollet observed the phenomenon of osmosis which is the transport 
of water or solvent through a semi-permeable membrane [defined as a membrane 
which is permeable to solvent and impermeable to solutes] from a dilute 
solution to a more concentrated solution Matteucci and Cima (1845) and later 
Schmidt (1856) observed that these membranes tend to be anisotropic in nature 
1 e their behaviour was different depending on which side of the membrane 
faced the feed solution [ 1 ] 

The first synthetic membrane made of nitrocellulose was made by 
Fick in 1865 In 1877 Pfeffer reported the manufacture of membranes by 
precipitating copper ferrocyanide in the pores of porcelain Later the 
interest shifted to membranes made of collodion a term used for cellulosic 
polymers Graham in 1854 was probably the first to use a membrane for 
separations He used it as a dialyser to separate a solution into its 
components [ 2 ] Around the year 1907 Bechhold developed methods for 
controlling the pore size of these collodion membranes He suggested the use 
of air pressure for improved permeability and developed methods for measuring 
pore diameters using air pressure and surface tension measurements He is the 
first researcher to come up with the term ultrafiltration The theories of 
thermodynamics of solutions developed by Van t Hoff and later Gibb s led to 
the thermodynamic understanding of the membrane processes From 1927 C 2 ] 
membrane filters became commercially available They were manufactured using 
the Zsigmondy Process by the Sartorius Company in Gtermany 

Till 1945 membrane filters were primarily used for removal of 
micro-organisms and particles from liquid and gaseous streams for diffusion 
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studies and sizing of nacromolecules German scientists in 1951 developed 
methods for culturing bacteria cells on membranes In 1957 the United States 
E^iblic Health Service officially adopted the membrane filtration procedure 
for drinking water analysis 

In early 1950 Samuel Yuster of the University of 
California LA had predicted based on Gibb s adsorption isotherm it would 
be possible to produce fresh water from brine S Sourirajan working in the 
same University reported some success with this concept Using a hand operate 
pump he managed to produce a few millilitres of fresh water over a few days 
[ 2 ] However as seen in Table 1 1 first row the flux was very low 
although 94/ salt rejection was obtained 

Table 1 1 Develcpnent of honogeneous and asynnetric neaibranes [ 2 } 


Investigator 

Morpholo^ 

(Psig) 

Flux 

(LMH)* 

X NaCl 

rejection 

Yuster et al (1958) 

Homogeneous 

808 

0 05 

94 

Loeb and Sourirajan 

Asymmetric 

1103 

3 0 

92 

(1963) 

(Commercial) 




Loeb and Sourirajan 

Asymmetric 

1070 

14 5 

99 

(1963) 

(L-S)** 
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* LMH - Litres per m per hr 
** L-S - Loeb - Sourirajan membrane 


From 1958 to 1960 Sourirajan and Loeb attempted to modify 
commercial cellulose acetate membranes by heating them under water in the hope 
that this would expand the pores and that the pores would remain open as the 
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membrane cooled thus increasing the flux But the opposite happened Heating 
contracted the pores This increased the salt rejection and interestingly 
increased the flux ' This apparent anomaly can be explained by the fact that 
the heating process created a phenomenon called anisotropy or asymmetry in 
the ultrastructure of the membrane an observation made about 100 years ago on 
natural membranes The anisotropy is due to a thin skin on one surface of 
the membrane usually 0 1 - 0 2 jom thick while the mam body is sponge like 
with porous voids Since the major resistance to flux is the membrane 
thickness lowering the effective thickness led to greatly improved flux The 
smaller pore size led to higher salt rejection as shown in 2nd and 3rd row of 
Table 1 1 

This single development of asymmetric membrane is what 
converted a laboratory curiosity into a practical and viable unit operation 
for the chemical biological pharmaceutical and food processing industry 

The history of ceramic inorganic membranes date back to the 
1940 s when Vycor-type glass membranes had been synthesized They usually had 
a very mconsistent pore size distribution [ 3 ] Dynamic inorganic 
membranes formed by filtering colloidal solutions through porous filters [4] 
have the disadvantage that flux decline is so large after a few weeks of 
operation that replacement is mevitable A third type of morganic membranes 
have been produced by Union Carbide They are referred to as Ucarsep [ 5 ] 

and are formed by placing ultra stabilized zirconia on a silica support While 
these membranes have a wide range of pH stability they have fairly high 
molecular weight cut off values because of their large pore size 

The sol-gel process for producing uniformly size powders 
introduced in early 1940 s has been used for the last 20 years to prepare 
pellets for nuclear reactors Yoldas [ 6 7,8 ] revolutionized the field by 
producing porous transparent alumina from alkoxide precursors and found that 
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the peptizing acid added influence to the sol-gel transformation and the 
ability of the gel to retain its integrity Kaiser and Schimidt [ 9 ] used 

alkoxysilanes to deposit porous silica membranes ( 5 - 10 Mm thick ) on porous 
supports These silica membranes had a mean pore diameter of 2 5 nm and a 
specific surface area of 200-300 m^/gm 

It was after the pioneering work of Leenaars and Burggraaf 
[ 10 11 12 13 ] that the idea of commercial ceramic membranes became feasible 
Leenaars et al used the Yoldas method to prepare boehmite sol which was slip 
cast on to oi-Al^Og supports By controlling sol pH alumina concentration and 
calcination temperature they were able to prepare membranes with ultrafine 
pores and narrow pore size distribution These membranes had cut off values 10 
times lower than those of Ucarsep membranes and they also offered greater 
stability than either Vycor or dynamic membranes 

112 Definiticn and classification of nembranes 

The primary role of a membrane is to act as a selective 
barrier It should permit passage of certain components and retain certain 
other components Hwang and Kammermeyer have defined a membrane in its 
broadest sense as a region of discontinuity interposed between two phases 
Lakshmionarayanaiah (1984) refers to a membrane as a phase that acts as a 
barrier to prevent mass movement but allows restricted and/or regulated 
passage of one or more species through it [ 2 ] According to Ho and Sirkar 
[ 14 ] a membrane is an interphase between two bulk phases It is either a 
homogeneous or a heterogeneous collection of phases 
A MEMBRANE PROCESS j 

The membrane phase interposed between two bulk phases 
control the exchange of mass between the two bulk phases in a membrane 
process In a membrane process the two bulk phases are mixtures One of the 
species in the mixture is allowed to be exchanged m preference to others Ckie 
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bulk phase is enriched in one species while the other is depleted of it A 
membrane process thus allows selective and controlled transfer of one 
species from one bulk phase to another bulk phase separated by a membrane 

The movement of any species across the membrane is caused by 
one or more driving forces These may be due to a gradient in chemical or 
electrical potential The transmenljrane flux of any species per unit driving 
force is proportional to the permeability of the species If the driving force 
is defined by a partial pressure difference ( AP^ ) or concentration 
difference ( AC^ ) across the membrane for species i then 

Transmembrane flux Permeability of species i 

of species i = x (AP^ or AC ) 

membrane thickness 

The ratio permeability of species i/membrane thickness is called the 
permeance 

The membrane selectivity between any two species can be 
defined by a separation factor which for two species i and o is 

C / C 

»• j 

a = 

ij 

C / C 

>■ j 

where the prime and double prime superscripts denote the upstream bulk phase 
(feed) and downstream bulk phase (permeate) respectively 

The separation factor is equal to the ratio of the two 
liquid permeabilities under conditions in which the downstream pressure or 
concentration is negligible in comparison to the upstream pressure or 


concentration 
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Membranes can be classified on the basis of their 


A NATURE 


NATURAL 

SYNTHETIC 


ORGANIC 

INORGANIC 


B STRUCTURE OF MEMBRANE 


POROUS 
NON POROUS 


C APPLICATION OF MEMBRANE 

1 GASEOUS PHASE SEPARATION 

2 GAS - LIQUID PHASE SEPARATION 

3 LIQUID - LIQUID PHASE SEPARATION 

4 SOLID - LIQUID PHASE SEPARATION 


D MECHANISM OF MEMBRANE SEPARATION 

1 OSMOTIC 

2 DIALYSIS 

3 ULTRAFILTRATION 

4 REVERSE OSMOSIS 

5 ELECTRO DIALYSIS 

6 MICRDFILTRATION 


Membranes can also physically or chemically modify the 
permeating species (as with lon-exchange or bio-functional membrane) conduct 
electric current prevent permeation (e g in packaging or coating 
applications) or regulate the rate of permeation (as in controlled release 
technology) lonogenic groups and pores in membranes confer properties as 
permselectivity and semi-permeability 

Fig 11 [2 ] shows a classification of the various 
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separation processes based on particle or nolecular size as the primary factor 
affecting the separaticm process. The five major membrane separation processes 
viz. reverse osmosis, ultrafiltration. microfiltration, dialysis and 
electrodialysis cover a wide range of particle size matched in versatility 
only by centrifugal processes. However an absolute requirement for 
centrifugal processes is the existence of suitable density difference between 
the two phases that are to be separated , in addition the two phases must be 
immiscible. Membrane separation processes have no such requirement and the 
real value of ultrafiltration and reverse osmosis is that they permit 
separation of dissolved molecules down to the ionic range, provided the 
appropriate membrane is used. 



1 iMlC 

r iMFf 


IWcrawltriU 


Wcm , I (MFM 

Hrileli -Mir«rtle4c p- Nrilel*- 

IMW* llOM* ' 


Fig. 1.1. Useful range of separation processes showing the range of 
particle or molecular size covered by each process and 
the primary factors governing each separation process [2]. 
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Among membrane processes itself the distinction is quite 
arbitrary and one usually merges with the other However a set of definition 
is attempted at this stage of the various separation processes 
A OSMOSIS IS the transport of solvent through a semipermeable 

membrane from the dilute solution side to the concentrated solution side of 
the membrane It is driven by the chemical potential difference of the 
solvent across the membrane 

B REVERSE OSMOSIS is the pumping of the feed solution under pressure 
over the surface of a suitably supported membrane RD results in retention of 
macromolecules in the feed solution ( retentate ) and depletion in the 
permeate solution This effectively results in concentrating the original 
feed A typical RO membrane has pore sizes < 1 nm and has a molecular weight 
cut off (MWOO) of < 100 Daltons 

C ULTRAFILTRATION is also primarily a size-exclusion-based pressure-driven 
membrane separation process UF membranes have typical pore sizes in the range 
of 1 - 100 nm and are capable of retaining species in the molecular range of 
300 - 500 000 Daltons The MWOO of a UF membrane is defined as the smallest 
molecular weight species for which the membrane has over 934 rejection 
D MICRDFILTRATION when pressure driven flow through a membrane or 
other filter medium is used to separate micron-sized particles from fluids 
the process is called microfiltration Although the exact size range is open 
to debate it generally refers to the filtering of a suspension containing 
colloidal or fine particles with linear dimensions in the range of 0 02 to 10 
microns 

E DIALYSIS IS a rate governed membrane process in which a microsolute is 
driven across a semipermeable membrane by means of a concentration gradient 
The microsolute diffuses through the membrane at a greater rate than 
macrosolutes also present in the feed solution If the receiving solution 
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(defined as dialysate) is not continuously renewed the solute concentrations 
on both sides of the nembrane will tend to equalize negating the driving force 
for the separation This is an essential difference between an 
equilibrium-based process and a rate-governed membrane process 
F ELECTRODIALYSIS is an electrochemical separation process in which 
electrically charged membranes and an electrical potential difference are used 
to separate ionic species from an aqueous solution and other uncharged 
components 

Table 1 2 shows the characteristics of the ideal membrane 

processes [ 2 ] 


Process 

Driving Force 

Permeate 

Retentate* 

Osmosis 

Chemical 

Potential 

Water 

Solutes 

Dialysis 

Concentration 

Difference 

Water + 

Small Molecules 

Large 

Molecules 

Ultrafiltration 

Pressure 

Water + 

Small Molecules 

Large 

Molecules 

Reverse Osmosis 

Pressure 

Water 

Solutes 

Electrodialysis 

E M F 

Water + 

Ionic Solutes 

Nonionic 

Solutes 

Microfiltration 

Pressure 

Water + 

Dissolved Solutes 

Large 

Suspended 

Particles 


Also includes water 
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SIZE 

MOlECUl AR 



WEIGHT 

EXAMPLE 

MEMBRANE PROCESS 

► 100 


POLLEN - 


► 10 jjtn 


STARCH — 




BLOOD CEILS — 




TYPICAL bacteria — 

MICROFIITR ATION 

► 1 /tm 


SMALLEST BACTERIA — 


► 1000 k 


ONA VIRUSES 


► 100 k 

100 000 MW— 

ALBUMIN — 



10 000 MW— 

VITAMIN B — 

UlTRAFILTRATION 

► 10 A 

1000 MW — 




WATER — 

REVERSE OSMOSIS 


^ ] k 


No^CI — 



Fig 12 Examples of components separated by MF UF and RD membranes [ 2 ] 





10 


UF and RO membrane separation processes enjoy a number of 
advantages over other comparable processes 

1 UF and RO constitute a continuous molecular separation process that 
do not involve a phase change or interphase mass transfer making it 
particularly exciting for fields like food processing pharmaceutical and 
biological 

2 Because ultrafiltration deals with the separation of fairly large 
molecules e g proteins starch clays paints etc the osmotic pressures 
involved in ultrafiltration processes are fairly low Thus UF offers the 
advantage of needing fairly low pressures for operations which will reduce 
equipment costs 

3 UF and RO processes can be operated at ambient temperatures without 
complicated heat transfer or heat generating systems as used in the dewatering 
process 

The limitations of UF and RD processes are that 

1 None can take solutes to dryness In EO process the upper limit is 
the osmotic pressure of the concentrated solutes In UF the rather low mass 
transfer rates of large macromolecules is the limiting factor 

2 Other problems that plague membrane application are fouling of 
membranes poor cleanability and restricted operating ccwiditions These have 
been partially overcome by superior membrane materials and better designed 
membrane modules 

113 Why ceramic membranes 

Polymeric membranes have been commercially available 
for many years They have been incorporated in large scale applications in a 
host of industrial processes However these membranes suffer from inherent 
polymeric properties Dry atmospheres non aqueous organic solvents and high 
temperature ( > 250* C) might cause a collapse of the membrane structure and 
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the membrane might lose its permeability High or low pH can result in 
hydrolysis of membrane material which is also prone to enzyme or microbial 
attack These problems can be alleviated and the horizon of membrane 
application can be further expanded by the use of inorganic membranes 

Two categories of inorganic membranes can be distinguished 
non porous and porous Non porous metallic or oxide membranes exhibit high 
selectivities but lower permeabilities due to the activated solution 
- diffusion transport mechanism involved [ 15 ] The metallic membranes are 
not so stable to repeated adsorption/desorption cycles use under 
steam-con taming conditions or at elevated temperatures Glass membranes are 
found to be of irregular pore size distributions which is difficult to 
control The renaming category is that of ceramic membrane Membrane made of 
r - Al^Og ZrOjj TiO^ UO^ and their composites have been found to be 
candidate materials for a myriad of new technologies Indeed with the advent 
of ceramic membranes m the market the potential use of membrane processes m 
varied fields as biotechnology to nuclear waste treatment has multiplied 
manifold Ceramic membranes offer a number of distmct advantages over its 
glass metallic or polymeric counterparts 

1 Chemical stability Ceramic membranes can withstand corrosive 
morganic/organic solvents and pH extremes 

2 High temperature application Ceramic membranes are stable at very 
high temperature without loss of membrane ultrastructure, allowing 
sterilization of process equipment for food and pharmaceutical applications 
and also for high temperature membrane reactors 

3 Stability to microbial degradation These membranes are immune to 
biological attack 

r- 

4 Mechanical stability Unlike polymeric membranes which compact 
under high pressures ceramic membranes posses high mechanical strength 
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5 Cleaning conditions Items 1 2 and 3 indicate more harsher and 
effective cleaning treatments can be used with ceramic membranes 

The only reason for their albeit slow penetration of the 
membrane market is their relatively higher cost of production If this can be 
offset by their longer life then this group of membranes which presently 
account for 5-10% of the market share of their polymeric rivals can surely 
dominate the membrane market 

1 2 APPLICmOH AREAS AND BODNOKIC PROSPECTS OF CERAMIC MEMBRANES 
12 1 Application of ceramic meabrane systems 

The application areas of ceramic membranes are tabulated in 
Table 1 3 along with the desired properties that are asked for in a particular 
application 

Membrane processes are used widely in the following industries 

A THE DAIRY INDUSTRY 

Ultraf iltration is an accepted processing operation in the 
dairy industry The two largest application are in the preconcentration of 
milk for cheese manufacture and the fractionation of cheese whey to give whey 
proteins 

B BIOTECHNOLOGY 

It IS the glamorous description of a wide range of 
biological processes that can be used for the production of a variety of 
products from foods flavours organic chemicals and pharmaceutical to fuels 
and agricultural chemicals The many applications are in the areas of 

1 Separation and harvesting of enzymes and microorganisms 

2 Continuous high performance bio-reactors for enzymatic and 
microbial conversion process 

3 Tissue culture reactor systems 
Production of pure, high quality water 


4 
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Table 1 3 Application and application possibilities of eeranic neabranes 
C 16 ] 


Type of application 

Industry 

Remarks 



good resistance to 


Milk beverage 

cleaning 



in alkaline media 

Microfiltration 

Ultrafiltration 

biotechnology & 

pharmaceutical 

steam sterilization 

and Reverse - 

textile engineering 

high temperature 

Osmosis 

and paper 

resistance 


oil 

high temperature and 



solvent resistance 

Gas separation 

petrochemical 

high temperatures high 


industry 

selectivity and permeabil- 
ity for H (30, 0, 

2 2 2 

Membrane 

Reactors 

petrochemical 

high temperature 

dehydr ogenat 1 on 

partial oxidation 

catalytically active 

environmental 

removal of NO, and SO, 

2 2 

high temperature 

catalytically active 



C TEXTILE INDUSTRY 

Ultrafiltration and reverse osmosis are mainly used for the 
recovery of expensive synthetic sizing agents like carboxymethyl cellulose and 
polyvinyl alcohol from the waste stream Also recovery of indigo dye out of 
textile waste water is done by ultrafiltration membrane systems 





















D PULP AND PAPER INDUSTRY 


The paper industry produces about 100 000 litres of highly 
polluted bleach liquor per ton of pulp Ultraf iltration is used to concentrate 
and recycle soffie of the effluents prior to discharge Membranes with HWCX) 
values of 3000 - 5000 are most promising in these applications 
E MEMBRANE REACTORS 

In recent years the application of ceramic membrane reactors 
operated at high temperatures have attracted much attention [15 16 ] 

In a high temperature reactor the in corporation of membranes 
can serve three different purposes 

1 Enhancement of the conversion of a chemical reaction i e 
by shifting the equilibrium situation by selective removal of one of the 
reaction products 

2 To influence the path of the chemical reaction i e to 

increase the reaction selectivity 

3 To obtain special effects i e to avoid or decrease 
catalyst deactivation 

Two membrane categories can be distinguished on the basis 
of its function in the reactor [ 16 ] 

A Passive 

B Catalytically active membrane 

The case of passive membrane is shown in Fig 13 The 
membrane is used here exclusively for separation function The case shown is 
an equilibrium limited dehydrogenation reaction which is considerably shifted 
to higher conversion by selectively removing from the equilibrium The 
catalyst does not form an integral part of the membrane but is loosely kept 
on the membrane 
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Dehydrc e ation o( 1 butane or methanol 

FIGURE tS Schematic diagram of the passive 
membrane reactor operation 



Partial oxidation ol rnelhanol or ethylene 

FIGUREt4 Schematic diagram of a catalytically 
active membrane reactor 
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In Fag 14 thp catalytically active membrane reactor is 
shown The catalytic activity is bound to the membrane being either an 
inherent property of the material or a property added to the membrane by 
modification with catalytically active phase within the pores ( or as a this 
layer on top of it ) 

A recent paper [ 17 ] by Zaspalis et al gives exarples of 
this concept Zaspalis used a catalytically active membrane [ Fig 14] 
containing a top layer of - Al^Og ( pore diameter 4 nm ) modified with a 
catalyst for selective oxidation of ethylene to acetaldehyde With the 
supply of oxygen from the support side the undesirable reaction of total 
oxidation to CO^ could be avoided At 300 C the selectivity of acetaldehyde 
increased from 20-^ to 70/i while the total conversion decreased from 70/i to 
25Z The case of butane dehydrogenation to butene has also been discussed by 
Zaspalis [ 17 ] Here the passive membrane is y - Al^O^ [ with 4 nm pore 
diameter ] The catalyst was Pt/SiO^ At 500 C the selectivity and conversion 
increased from 40% to 60% and 9% to 15% respectively compared to packed bed 
reactor 

Sun [ 15 ] studied the dehydrogenation of cyclohexane He 
used a ^ membrane and Pt/SiO^ pellets as the catalyst He reported 

conversion of 40% compared to equilibrium conversion 26% 

12 2 Economic evaluation of ceramic membrane technology 

Membranes and membrane process have become industrial 
products of considerable commercial and technological importance Membranes 
are used nowadays to produce potable water from sea water, to treat industrial 
effluents, to fractionate to concentrate and purify molecular solutions in 
chemical and pharmaceutical industries In 1988 the world wide sales of 
synthetic membranes was projected to be 1 2 x 12^ US$ with an annual increase 


of 12 to 14% 
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The entire range of membrane processes and industrial 
applications in order of their state of technical development which in certain 
application can be regarded as status - of - the - art is shown in Fig 1 5 
In other applications the same processes are only used on a pilot plant scale 
and in others they are just tested in the laboratory 
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Fig 1 5 Schematic diagram showing membrane separation processes and 
their application as a function of status of development [ 18 ] 

According to Burggraaf [ 16 ] the market of inorganic 
membranes is only 5 - WX of that of the polymeric membranes Crull analyzed 
the market trends of inorganic membrane for micro and ultraf iltration 
application and predicted a spectacular growth between the year 1995 and 2000 
Fain [ 16 ] predicts an even more fantastic growth only if the costs are 
reduced to 1/3 of present and separation factors are increased 

The realized and projected sales of inorganic membranes as 
given by Crull is shown in Table 1 4 
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Table 1 4 Realised and projected sales of inorganic i>eti)ranes [16] 


Material 

1986 

1989 

in million 

1994 

US dollars 

1999 

growth % 

Ceramics 

6 

18 

75 

345 

34 

Carbon 

0 

3 

9 

50 

32 

Metals 

5 

8 

13 

25 

12 

Glass 

0 

0 

1 

3 

>100 

Other 

1 

2 

4 

9 

16 

Total 

12 

31 

102 

432 

30 


The mam conclusion is that inorganic membrane systems 
especially ceramic membranes have tremendous potential for high technology 
applications But their commercialization has been deterred by their high 
costs and low separation factors Once these handicaps are overcome these new 
class of membranes can be pushed to the very frontiers of membrane technology 

1 3 STBUCTURAL ASPECTS AND MAIN PREPARATION HEIHODS 
13 1 Structural a^>ects 

Burggraaf and co - workers [ 15 ] classified morganic 

membranes mto two groups i) dense and ii) porous Both can be subdivided 
mto i) supported and ii) unsupported membranes 

The essential structural features of the porous membranes 
are shown m Fig 16 As seen from the figure there can be various kmds of 
pore systems straight pores running from one side of the membrane to the 
other having constant pore diameter or with conical pores as shown in Fig 
1 6 (a) and (b) respectively These types of systems can be correlated to 
track etch and anodic oxidation processes respectively The system shown in 
Fig 1 6 (c) shows a percolation system of pores with interconnected porosity 
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Schematic representation of main ty(( of pot e tnuUitis in memhraneo 
A and B homogeneous uribuppoitei tiaigtil poi e «'y tins r supported inter 
connected por^ system 



$i-hematic representation of 
port with d =1-15 pm dj^ = 1 
dj 20-100 pm 3) separation 
fication of separation layer 


FIGURF 17 

an asymmetric composite membrane 1) porou oup- 
2 mm 2) intermediate layer with dp 0 1 1 5 pm 
(top)layet with dp 3 100 nm d 2 ^= 1-10 pm ll) modi- 

d -pore diameter d - layer thickness 
P ^ 
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FIGURE 1 8 

Schematic representation of the rai crostructure of a modified (catalytic) mem 
brane toplayer A) mono or multilayer deposit B) micro(nano) particles within 
pore partial plugging C) plugs in the pore entrance film on top of the 
membrane D) plugs or constrictions on certain site within the pore 
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and progressively finer pore size This is the typical configuration of 
asymmetric ceramic membranes 

To obtain large flux values the membrane separation layer 
should be very thin Therefore thin films are supported by thick microporous 
support materials Such a combination yields an asymmetric system which 

combines mechanical stability with low flow resistance Such a composite 

system consists of 2 to 3 layers as shown in Fig 17 This type of ceramic 
membrane is used most frequently 

The thin top layer can have 30 - 50/^ porosity and pore 

diameters as small as 3 nm They are made of ^ - Al^O^ TiO^ ZrO^ and their 
mixtures on a - Al^O^ supports 

The top layer can be modified by a variety of methods 

principally resulting in 4 types of nanostructures as shown in Fig 1 8 

In this way the pore diameters can be decreased and the 
chemical nature of the internal surface can be modified [ 19 20 3 

13 2 Pr^wraticn nethods 

Porous inorganic membranes can be prepared by various ways 
depending on materials membrane and support structures pore size porosity 
and membrane thickness Summarizing some of these methods [ 21 ] 

1 PHASE SEPARATION AND LEACHING 

Usually glass membranes are prepared in this way First the 
glass matrix is separated into two phases by thermal treatment One of the 
phases ( Na^^O -B^Og rich phase ) is then preferentially water or acid leached 
thereby creating a microporous SiO^ - rich phase that can act as a membrane 

2 ANODIC OXIDATION 

One side of an aluminium foil is anodically oxidised in an 
acid electrolyte The unaffected side is subsequently leached away with a 
strong acid These membranes generally consist of two regions a bulk porous 
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layer and a thm fine - pore selective membrane layer adjacent to the metal 
The pore diameter depends strongly on the electrolyte used eg ^ 3^4 

oxalic acid etc Usually a hydrothermal treatment at 35 - 80 C is 

subsequently needed to improve membrane stability 
3 PYROLYSIS 

Certain porous inorganic membranes can be derived by 

pyrolysis of organic polymers SiO^ and carbon molecular sieves can be 

obtained by pyrolysing silicone rubber and certain thermoset polymers, 

respectively 

4 TRACK ETCH METHOD 

When a radioactive source is used to pass particles through 
a material the track left behind is highly sensitive to an etchant as cone 
HF After etching the resulting material is a membrane with straight pores 
of uniform size and shape 

5 SOL - GEL ROUTE 

This IS by far the most important process of manufacture of 
ultrathin membranes on a porous support The fine structure of the membranes 
can be tailored to a great extent by the processing parameters thus making 
the membranes suitable for a whole range of application Commercially 
available A1^0„ ZrO„ and TiO, membranes are made by this method A metal 
alkoxide is hydrolysed to form a stable sol This is used to coat a porous 
support ( usually a - Al^O^) by a slip - casting technique The composite 
membrane is then calcined at a temperature that causes crystallisation of the 
top layer and the formation of nanometer sized pores The great volume of 
literature published on this method of membrane preparation is an indication 
of Its importance in ceramic membrane synthesis 
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13 3 Me®brane preparation by the sol gel nethcxi 

Membranes of silica titania zirconia and alumina are 
usually prepared by the sol - gel method The process mainly involves 
liydrolysis of metal salts or alkoxides followed by polycondensation of the 
hydroxylated species In gelation the moles or particles connect to form a 
three dimensional network Brinker and Scherer [ 30 ] have discussed the 

solution chemistry of transition metals silicate and aluminates It is 
imperative to understand the chemistry itself in order to exploit the process 
for making membranes 

A THE SOL GEL PROCESS 

Transition metal alkoxides ( Ti Zr ) are used widely as 
precursors to glasses and ceramics In the absence of catalysts the 
hydrolysis and condensation occur by the following reactions 
a Hydrolysis 


H - 0 + M -OR ► 

I 

H 


) 0 + M — OR ► HO — M 



M — OH + ROH 


b Alcoxolation 


M - 0 + M -OR »■ 

( 

H 


M— 0 + M - OR ► 

I 

H 


MO - M 



M— 0— M + ROH 


c Oxolation 


M - 0 + M -OH 

I 

H 


M' 


0 

1 

H 


+ M- OH- 


M— 0— M 




M— 0— M -t 
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d Olation 

H ” 

M -OH + M c/ *> M — 0 — M + ROH 

H ” 

/" I 

M-OH + M^O( ► M— 0— M + H,0 

Acids or base can influence both the hydrolysis and 

condensation rates and the structure of the condensed product Acid 
catalysed condensation results in more extended less highly branched 

polymers The opposite is true when bases act as catalysts The structure of 

the condensed product depends on the relative rates of the four reactions 
When water alkoxide ratio < r ) is greater than 2 precipitation of 

hydroxide occurs For low r values and carefully controlled hydrolysis oxo - 
alkoxide products are formed Addition of chemical modifiers like chelating 
agents lead to more complex structures 

In the case of silicon alkoxides hydrolysis and condensation 
IS defined by three reactions 

A sSi — OR + H 0 =Si— oh + ROH 

2 4 

• storvfLcat von 

r. i- rin . uri olcohol COndenSOlVOn _ n m . rmil 

B =Si — OR + HO — Si= ^ » hSi— 0— + ROH 

a I coholye v a 

n nr> . iin r. _ water c ood ©nsat V on_ „ n a — , DOtl 

C sSi — OR + HO — Sl^ ^ — ■* =Si — 0— + RDH 

hydrolysta 

The rates of these reactions are governed by the pH 

temperature steric and inductive effects of various side groups and the type 
of solvent used 

The solution chemistry of aluminium alkoxides is similar to 
that of transition metal alkoxides The discovery of Yoldas [ 6,7,8 ] that 
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the hydrolysis and condensation of aluminium alkoxides can result in 
monolithic alumina gels is infact responsible for the explosion in sol - gel 
research that continues to this day 

The Yoldas process is outlined in Fig 1 9 


1 mole Al(OC^Hp) 


100 moles water 


Treated sol 

- H,0 
2 


Hydrolysis 


T = 80 C 


Alumunium hydroxide 
-» precipitate 


ether extraction 
^ of butanol 


500 C 


1200 C + 


+ 0 07 mole 
HCl 


Alumina sol 

- H,0 C H OH 

2 4 P 

solvent evaporation 
Wet gel 


-H^O molecular water 


DRHNG 
Dried gel 


-Hj,0 structural water 


CALCINATION 
Transitional aluminas 
r e 6 


« - A1 0, 

2 3 


Fig 1 9 The Yoldas Process [30] 

Yoldas prepared sols with different acid concentrations and 
types He reported a minimum gelling volume at acid A1 molar ratio of 0 07 
A minimum acid concentration ( 0 03 ) moles per mole of alkoxide ) is needed 
for complete peptization If more than 0 1 mole of acid is used, gel does 
not form monolithic alumina There appears to be two requirements for the 
type of acid 
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1 The anions must be non coirplexing ( or very weakly complexing ) with 
aluminium ions at low concentrations Hence sulphuric and hydrofluoric acids 
do not peptize 

2 The amount of acid in relation to aluminium must not be Isirge enough 
to prevent the formation of a continuous aluminium bonding through oxygen 
( oxalated ) or through hydroxides ( olated ) This rules out organic acids 
in this process 

Temperature is very important in producing a clear sol Sols 
held at 80 C for a few hours peptizes completely due to the removal of 
residual ( OR ) groups in the hydroxide 

Particle size and shape is also affected by the amount of 
acid used as shown in Table 1 5 Higher acid concentrations produced more 
fibrillar boehmite crystals 

Table 1 5 Effect of acid ccncentratiGn on particle sxze of alumna 


sols C 8 ] 


Acid/alkoxide ratio 

( mole mole ) 


Size 



0 02 

50 

- 350 A round 



0 035 

50 

- 350 %. round 



0 07 

100 

- 200 A width 

400 

- 500 X length 

0 14 

100 

- 200 X width 

100 

- 1000 X length 

0 21 

100 

- 200 X width 

100 

- 1000 X length 


Structural evolution during the Yoldas process has been 

documented by various groups using techniques as MAS - NMR Raman spectrosccqpy 

and IR studies Assih et al [ 3 ] reported octahedral aluminium species <0 - 

27 

ppm ) as well as a broad tetrahedral resonance at 60 - 70 ppm using Al NMR 
The corresponding Elaman spectra showed a peak at 360 cm"* which correlated to 
the 0 - ppm 


Al NMR resOTiance 
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B The evolution of the transition aluminas 

Alumina prepared by Yoldas methods remains the most 
thoroughly studied crystalline gel system Xerogels which are composed of 
boehmite ( r - A1(X)H ) or pseudo - boehmite ( a less well crystallized 
boehmite containing 1 7 H^O/Al ) are often completely transparent Heating 
causes dehydration and rearrangement leading to a series of transitional 
aluminas and finally a - Al^O^ A typical sequence of crystallization is the 
following [ 30 ] 

300 C _ B50 C j. „ 1100°C ^ „ 

AlOOH » r - Al^Og »■ 6 - Al^Og ► B - Al^O^ 

>1200 C o 

> oi - A1 0^ 

Boehmite gels consist of fibrillar or needle shaped 
crystals The surface area and pore size of several boehmite gels 
investigated by woltran [ 32 ] is listed in Table 1 6 The surface area of 
boehmite gel is quite sensitive to the A1 ratio r used in gel 

synthesis procedure 

Table 1 6 Characteristics of almmia gels prepared by controlled 

evaporation [30] 



Prepared from A1 - sec - butoxide 

^ Prepared from A1 - iso - propoxide 

^ IX glycerol added 
cl 

° Prepared using 0 05 g/lt submicron a - Ai^C^ seeds 
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In boehmite the oxygens are arranged in a distorted 
octahedral configuration around aluminium and are organized in parallel layers 
linked by hydrogen bonds each layer of octahedra comprising two sublayers as 
shown in Fig 1 10 



SUBLAYER A 


Fig 1 10 IDEAL BOEHMITE LAYER [ 30 ] 

Upon heating boehmite gels exhibit a weight loss over the 
range 50 - 600 C due to the loss of structural and intercalated water and 
gradually transform to a - Al^O^ The topotactic transformation is 
accomplished by internal condensation of protons and hydroxyls between 
boehmite layers that removes half the oxygen from the layers causing a 
collapse and rearrangement of the oxygens into cubic close packing This and 
subsequent transformation to 6 - and © - A1 0 at about 800 and 1000 “C 

2 9 

respectively are accompanied by a coarsening of microstructure as evidenced 
by a decreasing surface area and increasing pore size as shown in fig 1 10 
and fig 1 11 
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According to Wilson and Stacey [ 33 ] and Wilson et al [34] 
the r — * ^ transition represent the first step toward the ideal random 
distribution of vacancies on tetrahedral sites The c a ratio adjusts 
towards 1 the cubic value but concurrent ordering on the octahedral sites 
prevent the attainment of the cubic symmetry Their studies on 
macrocrystalline samples ( > 1 pm )indicate the r — ► ^ conversion causes a 
decrease in the accessibility of planar hexagonally shaped pores that are 
formed parallel to the former < 010 > boehmite layers The topotactic 6 — > e 
transformation occurs by a rearrangement of Al cations within the cubic close 
packed oxygen array Wilson and Stacey ( 33 ) observed that & “ Al^Og retains 
the same pore morphology as <5 - Al^O^ but pore size increases from 6 

-10nm [Fig 112] The e — ► ot Al^O^ transformation occuring above 

1100 C results from a reorganisation of oxygen into a denser hexagonal close 
packed configuration This is accomplished by a nucleation and growth process 
resulting in rapid coarsening of microstructure [ Fig 1 11 ] 



Fog 1 11 Density and i^ecific surface area of boehmite xerogels after 
heat treatment ( 24 h ) at the indicated temperatures [ 30 ] 
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Fig. 1.12 Pore size distribution determined from desorption branches; 

of N isotherm, a) 500°C b) 900 C c) 1000 C . [ 30 ] 

2 

C. SOL - GEL DERIVED MEMBRANES. 

The sol - gel route for the preparation of ultrafine grained! 
ceramics was known for a long time. That the extremely narrow pores and pore; 
size distribution of sol gel derived ceramics, obtained from uniform particle; 
packing, is also one of the most desired microstructural property of| 
membranes, was realized by Leenaars and Burggraaf in 1984. 

Leenaars et al [ 10, 11, 12, 13 ] in a series of papers; 
revolutionized the field of membrane research by synthesizing extremely stable; 
r - Alumina membranes with narrow pores and pore size distributions, capable; 
of operation at elevated temperatures and pressures. Their pioneering work; 
opened up yet another exciting field of sol - gel science. 
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Leenaars prepared alumina films ( thickness < 20 mbi ) by a 
process in which a boehmite sol is successively gelled dried and calcined 
The resulting structure has the unique microstructural property of uniform and 
narrow pore size distribution 

The flow diagram for the preparation of these unsupported 


membranes is 

shown in Fig 

1 13 



r - AlOOH 

add ing 
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precipitate acid 

Y - AlOOH 
sol 

of sol layer ' Y ~ AlOOH 

sol layer 

drying 

thin 

Y - AlOOH 
gel layer 

< l yog®l > 

dry 1 ng 

thin dry 

Y - AlOOH 
gel layer 

< xerogel > 

calc i nat i n 



f- 

T = 3PO C 

thin dry 
^ 

layer 

s in t • r mg 

w 

thin ceramic 
Al^Og layer 

with chosen 


T = 400 C 

■ ' ' ' ■ " F 
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Fig 1 13 Flow diagram of preparation of alumina membranes 

A series of membranes prepared containing 0 07 mol HNO^ per 
mol of AlOOH heat treated at different temperature show the evaluation of 
various phases The crystallite size was calculated by X - Ray line 
broadening BET was used to characterize the pore sizes and surface area of 
the membranes The crystallite sizes are comparable with those found by 
electron microscopic measurements The table summarizing their results is 


shown 
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Table 1 7 Microstructural characteristics of neubranes as a function of 
teaperature treatuent [10] 


Temperature 

( C ) 

®hki 

BET surface 

( m^/gm ) 

Modal pore 

cylmdrical 

shape 

size 

slit 

shape 

Porosity 

(%) 

200 

^120 

= 62 

315 

3 7 

2 5 

53 


^031 

= 48 





400 

^400 

= 64 

301 

4 0 

2 7 

53 



= 30 





500 

‘>.00 

= 64 

240 

4 9 

3 2 

54 



= 30 





600 

P*oo 

= 64 

209 

5 5 

3 5 

55 



= 30 





700 

“.oo 

= 64 

181 

5 9 

3 7 

53 



= 30 





800 

^400 

= 64 

154 

7 9 

4 8 

55 



= 30 






Leenaars ejsplained the microstructure of the dried boehmite 
membranes as plate - shaped particles stacked in a card- pack structure This 
close - packed structure is the result of gel - compaction due to capillary 
forces during water extraction in the drying stage 

While performing dipping experiments with supported membranes 
the mam parameters that determmed the formation of gel layer on porous 
supports are 

1 Sol concentration 

2 Dipping time 
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3 Pore size of support and 

4 Type and amount of acid used to peptise the sol 

It was found the tendency of gel formation increased with 
increasing sol concentration and dipping time and decreased with the pore size 
of support Also more massive sol particles formed by peptisation with 
increased acid additions as well as overaged sols lead to faster gel 
formation These results can only be explained if the formation of the 
klsupported top layer is thought to be as a slip - casting process Boehnite 
particles entering the pores of the supports clog them leading to an increase 
in sol concentration close to the support and ultimate gelation 

The variation of thickness with dipping time show that the 
film thickness is proportional to the square root of dipping time further 
strengthening the slip - casting model Leenaars et al prepared membranes upto 
8 pm thick on o( - Al^O^ supports 

The model suggested for slip casting [ 11 ] considers the 
pressure drop across the gel layer and the wet support as shown xn Fig 1 14 



Fig 1 14 Pressure drop in a slip casting process [11] 
Here APg = pressure drop over gel layer 

AEfe = pressure drop over saturated support 
APc = total drop = APg + AEt 
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The thickness of the gel layer is given by 


Lg 


2 Kg APg t 


Tf a 


1/2 


(1 3) 


Where Kg = permeability constant of gel layer 

&B 

a ~ ©8 = volume fraction of sol in 

le support 

r? = viscosity of the sol 

t = dipping time 


Liquid flux through a cylinder under laminar flow 
conditions is given by the Poiseuille Formula 


AV 1 Ef AP 


At A BnL 


Where AV is the volumetric flow rate 

At 


A is the flow area 

R IS the radius of the cylinder 

AP IS the applied pressure 

n IS the viscosity of permeant 

L IS the length of cylinder 


Cl 4) 
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The so called Kozney - Carman Equation describing laminar 
flow through a porous media is derived from 1 4 above 


AV 

At 



Ap 

K \ L r) 


(1 5) 


Where 

e = 

porosity 


S 

V 

internal surface area 


K K, = 

Kozney Carman constant 


Leenaars ( 12 ) performed permeaibility experiments with 
supported alumina membranes He used different permeants The flux multiplied 
by viscosity of the solvents decreased in the order water hexane ethanol and 
S - butanol [ Table 18] 

Table 1 8 The volune flux of different pemeants £12] 


Permeant 

Flux 

(cm bar ^ hr *) 

Flux X viscosity 

( cm bar ^ hr ^ cP) 

Water 

0 54 

0 63 

Hexane 

1 65 

0 53 

Ethanol 

0 40 

0 50 

S -butanol 

0 11 

0 38 


The decline of flux X viscosity ( a measure of K ) with >? 
can be explained by the size effect of the permeant molecules provided 
adsorption takes place 

The Kozney Carman constant was calculated to be 13 3 + 2 
The high value can be explained by the card pack structure of plate shaped 
crystallites The MWCO of these membranes were dependent on the calcination 
temperature For membranes calcined at 400 C it was 2000 Daltons and for 
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900 C it was 200 000 Daltons 

Larbot et al [ 22 ] prepared TiO^ and ZrO^ Eembranes by the 
sol gel route The thickness of these membranes were found to be linearly 
varying with the square root of tune The reported the relation L = 0 57 4~t 
where L is the membrane thickness and t is the deposition time for titania 

membranes and L = 1 4 J^t” for zirconia membranes The anatase ► rutile 

conversion is TiO^ membranes at 600 C has to be carefully controlled to 
prevent cracking of the membrane top layer The pore size of membranes 
treated at higher temperatures were found to be greater In titania membrane 
pore size variation was from 3 to 180 nm with increasing temperature The 
corresponding values for ZrO^ membranes was 3 to 80 nm [ Fig 1 15 ] 


, POKE 
:DIAHtTEHS 



Fig 1 15 Pore diameter as a function of sintering temperature 
A) TiO^ membranes B) ZrO^ membranes £22] 

Water permeability tests were carried out the water flux was 
found to very nonlinearly with pressure It increases greadually then 
levels off at high pressures Permeability was found to be a function of pore 
diameter as well Fig 1 16(a) and 1 16(b) 



( 10^ Pa) 


Fig 1 16(a) Flux through titania membranes pore diameter A) 3 
B) 20 C) 75 and D) 180 nm [22] 



Fig 1 16(b) Flux through ZrO^ membranes pore diameters A) 3 
B) 10 C) 20 D) 50 and E) 85 nm [22] 
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Lin et al [ 23] reported the preparation of a high 

temperature thermally stable Al^^O^ membrane using a La doped boehmite sol 
He reported the addition of PVA and proper aging of the sol to prepare crack - 
free top layers He checked the extent of microcracking in the top layer by 
gas permeation measurements 

For homogeneous porous disk and pure non -adsorbable gas 


the 

ga^ permeability 

can be 

correlated the average pressure across the 

disk 

( P ) by 

^ av 






F/L 

— 

a + f3 P 





av 


Where 

F 


QL/S (P^ - ) 



Q 

= 

Volumetric gas flow rate 



L 

= 

disk thickness 



S 


permeation area 



P P 

= 

high and low pressure sides of disk 


Here a is the coefficient due to knudson flow 
and IS the coefficient due to viscous flow 


For a membrane free from microcracks the flow should be knudsen 
type and hence pressure independent Thus this pressure independency of 
permeability can be checked as evidence of crack free membranes 

Similar results were obtained by Uhlhom et al for alumina 
membranes [ 23] They developed a method of repairing microcracks by 
multiply dipping With increase in the number of coatings the slope of he 
permeability vs average pressure slowly decreased [ Fig 1 17 ] 
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Fig 1 17 Schematic representation of the change in slope of 
permeability vs mean pressure Pressure independency 
shows a membrane free from microcracks 

Uhlhorn et al ( 23 ) also measured the water permeability of 

their Y ~ Al^Og membranes The water flux was found to vary linearly with 

applied pressure [ Fig 1 18 ] 

The solute retention ( SR ) of membrane for organic 

molecules of known molecular weight is defined as SR = 1 - C / C, where 

p f 

Cp and Cj. are the solute concentration in the permeate and feed respectively 

Leenaars et al C 13 ] measured the solute retention of 
AljgOg membranes with different molecular weights of PEG (polyethylene 
glycol The resultant sigmoidal curve is shown m Fig 1 19 The MW(X) 
values when SR = 90^ can be calculated from these curves 
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Zaspals et al ( 24 ) prepared alumina and titania binary 

membranes by dipcoating supports in binary sols prepared by mechanically 

mixing TiO, and Al 0„ sols Mean pore diameters were 4 5 nm and 3 nm for 

TiO, and AI 0_ membranes respectively and 3 7 nm for binary membranes 

The destructive nature of the anatase ► rutile transformation could be 

retarded by carrying out hydrolysis of titanium tetra - isopropoxide in the 
2 — 

presence of SO^ ions Titan la membranes have a lower tortuosity value than 

alumina membranes in accordance to the difference in particle morphology 

Hisich et al [ 25 ] prepared microporous alumina membranes 

by the sol gel technique and also characterized the available tubular 

microfiltration modules by the permeability tests Crossflow membrane 
filtration was utilized The rejection characteristics as well as gas 
permeation experiments were done to evaluate the separation factors and the 
viability of these modules in industrial applications 

Hu IS in't Veld et al [ 26 ] used the so - called reservoir 
method to hydrolyse magnesia and change the chemical nature of the pores in a 
Y - Al^Og membrane The MgO concentrations were about 40% This gave < 1 nm 
Sized pores which gave very good results in gas separation experiments 

Lin et al [ 27 ] used a novel CVD method to modify membrane 
pores A solid oxide ( YSZ ) is first deposited on the internal walls of the 
membrane The deposit is the product of two vapour reactants introduced from 
both sides of the membrane 

After the membrane pore is closed by CVD a thin solid oxide 
electrolyte film can grow on one side of the membrane via EVD 

W Van Praag [ 28 ] prepared Al^O^ - TiO^ binary membranes 
by a sol - gel technique and modified them by impregnating Ag or V^Oj^ 
After impregnation the pore diameter measured by BET remained the same while 
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porosity and permeability decreased This can be explained by constricted 
membrane pores 

Yainaki et al [ 29 ] used ultrafine zirconia particles 
prepared by the reverse micelle method to control the pore characteristics of 
alumina membranes The idea was to develop permselective membranes for 
separation of small molecular size gases Ultrafine zirconia particles 
were formed by the hydrolysis of zirconium tetrabutoxide in micro water pools 
of reversed micelles formed with a novel surfactant dioelyl phosphoric 
acid ( DIKOA ) Repeating the dipping calcination cycles the mesopores of 
the « - Al^Og support tubes were packed with zirconia particles 

The gas permeability of these modified membranes decreased 
with increased dipping firing cycles The separation factors of hydrogen to 
nitrogen achieved was 3 4 which was lower than the knudsen value of 3 74 
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Z STATEMENT OF THE PROBLEM 

The field of inorganic membranes is dominated by ceramic 
ultrafiltration and microfiltration membranes The membranes that are commonly 
available are generally of the asymmetric composite variety with a thin film 
of ^'-ALO„ ZrO, TiO^ etc on an a-Al support The membranes have narrow 
pore sizes and pore size distributions The thickness of the membrane is 
directly related to the membrane resistance to fluid flow - thin membranes 
give high flux values 

The aim of this present work is to prepare asymmetric composite 
membranes of supports by using a sol-gel method This 
involves the following steps (i) Preparation of the a-Al^O^ support with 
suitable pore size distribution (ii) Preparation of a boehmite sol for 
depositing the membrane on substrate (iii) Deposition of membranes of various 
thickness on the substrate (iv) Heat treatment of the composite membranes to 
yield desired pore size and pore size distribution (v) Characterization of 
the membrane (vi) Measurements on the membranes with a view to fmd their 
suitability for various applications 

This work aims to study each of these steps with a view to 
learn and optimize the techniques of preparation of composite ceramic 


membranes 
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3 EXPERIMENTAL PROCEDURES 

3 1 Preparation of the substrate 

The first step in the preparation of supported r ~ ATjOg 
membranes was the preparation of ot - Al^O^ supports (also called the 
substrates) These substrates need to be sufficiently porous to allow fluid 
flux through itself on the other hand they must have sufficient strength to 
withstand high pressures in permeation 

After reviewing the available literature it was decided that 
the supports must have the following properties 

A) A total porosity of ^ - 50/i 

B) Total porosity = Open porosity 

C) Pores of around 1 pm diameter 

D) A narrow pore size distribution 

E) Moderate strength 

Keeping in view the above a series of sintering experiments 
were carried out to prepare pellets of a - AI^O^ by the traditional ceramic 
powder pressing route 

Al^Og powder (AKP - 50 Sumitomo Chemical Co Japan) average 
particle size 0 3 pm and maximum impurity of 0 01 % was used 

The Al^Og powders were dry pressed without any additives in a 
hydraulic press using high chromium die steel moulds into pellets of 25 4 mm 
diameter and 3 mm thick The pressure was slowly applied to reach a maximum 
pressure of 116(MPa) (6 ton load) It was maintained for 30 seconds to ensure 
proper homogenisation and then the pressure was slowly released to reduce the 
chances of spring-back and subsequent lamination/cracks It was found that the 
quality of the as pressed pellets is a strong function of the moisture content 
of the powders as well as of the atmosphere Since no PVA or any other 
additive were used to ensure better flow properties while pressing utmost 
care was taken to press the green pellets The powders were usually oven dried 
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and pressed while hot 

Sintering was done in Lemont high temperature furnace (Lemont 
KFXV - 2) made by Lemont Scientific Inc Boalsburg USA First the samples 
were heated in air at a heating rate of 3 5 C/min till 620 C then at 6 C/min 
till the desired temperature It was held at the maximum temperature for 1 hr 
and then cooled at 3 5 C/min to room temperature 

Initially four temperatures were chosen for sintering 1400 C 
1300 C 1200 C and 1100 C After density and porosity measurements by 
Archimede s principle and keeping in mind the requirements of the support 
pellets sintered at 1100 C / 1 hr were chosen as the right candidate for 
membrane supports All further supports were therefore made by sintering the 
pellets at the above mentioned temperature 

After sintering the pellets were polished with SiC (800 grit) 
and finally with AKP - 50 Al^O^ powders to ensure a smooth surface for 
coating They were then ultrasonicated in acetone medium dried and stored for 
further use 

3 2 Preparation of the composite menbrane 
3 2 1 Sol preparation 

The reagents used for the preparation of boehmite sol by the 
Yoldas method were 

A) Aluminium - sec - butoxide [Alfa Products] AlCOC^Hp)^ F W 246 32 

B) Propan - 2 - ol [S D Fine Chem Ltd Boisar] (Ci^)2CH0H F W 60 10 

C) Nitric Acid (Cone ) [S D Fine Chem Ltd , Boisar] HNO^ F W 63 

D) Triple distilled water 

The molar ratio of the different ingredients were as follows 
A1 - sec - butoxide Water HNO^ 

1 150 0 07 

Since A1 - sec - butoxide is very hygroscopic and undergoes 
immediate gelation in contact with atmospheric moisture the sol was prepared 
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in a controlled atmosphere Glove Box [ Labconco Corporation] To facilitate 
easy handling of alkoxide it was mixed with Propan - 2 -ol (1 1 weight 

ratio) 

First the weighed amounts of A1 - sec - butoxide and propan - 2 

-ol were mixed inside the glove box with the help of a magnetic stirrer in a 

beaker covered with an aluminium foil The correct molar amount of triple 
distilled water was weighed out in a separate beaker This beaker was also 
securely capped and the water was heated in an oil bath maintained at a 
temperature of 85 C The thermometer was kept in such a way that it recorded 
the correct tenperature of the water This is very important because 
hydrolysis of A1 - sec - butoxide at higher temperatures ( > 80 C) yields 

boehmite whereas cold water hydrolysis yields bayerite a hydroxide incapable 
of conversion to any of the transition aluminas (^ - <5 - & - etc ) 

The A1 - sec - butoxide - propan - 2 - ol mixture was then 
transferred outside the Glove box and added dropwise to the water (heated to 
85 C) under vigorous stirring A white precipitate of AKOH)^ immediately 
forms The slurry is kept in stirring condition for about 45 mins After that 
cone HNOg IS added dropwise to the slurry at 85 C The precipitate 

redissolves and a clear sol results The sol is kept in a covered beaker and 

stirring is continued for another hour to facilitate complete peptization 
Then the sol is transferred to a round bottom flask and kept under reflux 
condition at 80* C overnight 

The resulting clear sol is filtered through a 0 22 pm filter 
(Millipore Co USA) and stored in air tight bottle in a desiccator 
3 2 2 DetemmatiGn of sol concentration 

A known amount of the sol prepared by the method described in 
the last section is transferred to a previously cleaned, dried and weighed 
empty Platinum crucible The sol is transferred volumetrically by a 1 ml 
pipette The platinum crucible is covered by a lid and heated in a furnace 
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till 1200 C at the rate of 5 C/min It was held at 1200 C for 3 h and then 
cooled at 5 C/min 

The platinum crucible was again weighed after it has cooled 
down to room temperature The total weight of the platinum crucible and the 
solid residue of the sol was noted The weight of the platinum crucible was 
subtracted to find the solid residue of the sol The solid powder was checked 
by XRD and was found to be composed of a - Al^O^ This way the amount of Al^O^ 
(in gms) per unit volume of the sol was found out It was converted to 
convenient units of moles of boehmite/litre 
3 2 3 Dipping Experiments 

The composite membranes were formed by dip coating the supports 
in the sol and subsequent heat treatment 

The dip coating technique involved bringing a porous support in 
contact with the sol for a few seconds so that a coating of sol particles is 
formed on one side of the support The sol particles are initially sucked 
inside the pores and deposited on the walls This lead to pore clogging and 
ultimate gel formation 

The whole process is shown schematically in Fig 3 1 
The support was held firmly by a tweezer so that its surface is 
parallel to the sol surface in the beaker After allowing the required time of 
contact the whole system is whisked up so that the substrate leaves up the sol 
surface at an acute angle This minimizes thickness variations over the 
substrate as the last drop of the sol adhering to the substrate is brought to 
the very edge and is wiped away cleanly with tissue paper 

The above process led to samples with fairly homogeneous layers 
with albeit small variations in thickness 

To study the effect of dipping time on the coating thickness, 
samples were prepared by dip coating for various times 10 seconds 20 seccxids 
30 seconds and 90 seconds Then they were calcined at 600 C / 3h The membrane 
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Fig 3 1 Schematic diagram showing the dip coating process 
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sainples were then broken and the fracture surface seen under a JEOL Scanning 
Electron Microscope (JSM 840 A Japan) The thickness of the membranes were 
difficult to measure accurately from the SEH photographs because of small 
variations in thickness as well as an absence of a well defined boundary 
between the membrane and the substrate So an approximate outline of the 
membrane layer wa^ traced out on a graph paper and its area was determined 
This divided by the length of the photograph gave the thickness of the 
membrane The thickness was then plotted against square root of the dip 
coating time 

3 2 4 Heat treatmait of membranes 

After depositing the top layer the sample was left in covered 
petri dish in the desiccator for slow drying of the gel layer The usual 
drying times were about 12 hrs 

The samples were then calcined in a horizontal tube furnace 
employing SiC heating elements The heating rates employed were very slow 
Fast heating rates have led to cracks in the top layer The calcination was 
done according to the following schedule The samples were heated at l“C/min 

till 120 C It was held at that temperature for 30 minutes to remove most of 

the adsorbed and constitutional water Then the heating rate was 2”C/min 

till the maximum temperature where the samples were held for 3 hrs before 

cooling off at 2 C/min to room temperature 

Four temperatures were chosen and membranes calcined at those 
temperatures for 3 hrs were prepared Thus the different samples were 
500 C/3hr 600 C/3hr 700 C/3hr & 800“C/3hr samples 
3 3 Characterization techniques 

3 3 1 Density and Porosity neasurenents of the supports by Archunede s 
Principle 

The test samples were dried thoroughly at 140 C for 12 hrs The 
dry weight (W^) of the samples were taken using an electronic balance (Af coset 
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ER 1200 A) The samples were suspended in distilled water in a beaker and 
evacuated for about 2 hrs by keeping in a vacuum desiccator and with a vacuum 
system The weight of the evacuated samples with water penetrated in the open 
pores was taken while suspended in water (W^) Immediately after the samples 
were removed from water blotted lightly with a wet tissue paper and the 
weight taken in air (W^) The sintered density was calculated from the 
following formula 

Sintered density (p ) = (P — P) (31) 

“ — tf 

9 2 

where p^ = density of water 
P = density of air 

air 

The porosities were calculated using the following formulae 

True Porosity = f ^ — 1 X 100 X 

L J 

w — w 

Open Porosity = — X 100 % (3 3) 

W, — W, 

9 2 

where p^^ is the theoretical density of Al^O^ 

3 3 2 Measurenent of fracture strength of the supports 

Fracture strength was measured by the three point bending test 
The samples of the substrates (1100 C/lh) were cut using a low speed saw 
[Isomet (Buehler)] with a diamond blade of thickness 0 3 mm The size of the 
samples were approximately 15mmX2m!nX08mm All the sides of the samples 
were polished with 400 grit SiC powder on glass plate Fracture strength was 
measured for all samples using an Instron 1195 system A 1000 kg load cell was 
used with cross head speed of 0 2 mm/min The span used was 6 3 mm Full scale 
load and chart speed were 2 kg and 50 mm/min respectively 
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The fracture strength was calculated by using the following 

formula [37] 


Fracture Strength 
where P = 

L 

b = 
h = 


1 5 PL 
= bh” 

Fracture load in kg 
Span in mm 

Width of the specimen in mm 
Depth of the specimen in mm 


(3 4) 


3 3 3 Mercury Porosimetry 

The Washburn equation [38] 

A P = - 2 Y cos6 (3 5) 

is the basis of mercury penetration porosimetry work Here 

A P IS the pressure differential across the 

mercury interface in a pore 

1 * is the radius of the pore 

Y IS the surface tension of the mercury 

0 IS the contact angle for the mercury - solid 

interface 

The experimental method employed in mercury porosimetry 
involves the evacuation of all the gas from the volume containing the sample 
Mercury is then forced into the inter particle voids and intra particle pores 
A means of monitering both the applied pressure and the intruded pressure are 
integral parts of all mercury porosimeters During pressurization the 
calibrated penetrometer measures the intruded volume into pores of 

progressively smaller radii with increasing pressure During 
depressurization the opposite happens and the extrusion curve is 

obtained 


From the intrusion - extrusion curves a number of physical 
parameters can be determined e g solid conpressibility surface area of the 
saaple and its pore size distribution 
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The pore sxze distriJbution Function D^(r) 

When the radius of a cylindrical pore is changed from r 
to r - dr the corresponding decrimental change in pore volume V is 

dV = - 2nnrl dr 

where n = no of pores of radius r and length 1 
When pores are filled according to Washburn equation the 
volumetric change with decreasing radius does not necessarily decrease since 
it corresponds to the filling of a new group of pores 

Thus when the pore radius into which intrusion occurs changes 
from r to r - dr the corresponding volume change is given by 

dV = - D (r) dr where 

V 

D^(r) IS the volume pore size distribution function defined as the pore 
volume per unit interval of pore radius 

Differentiating Washburn equation assuming constancy of Y and 


a 


Pdr + rdP = 0 


dV 

or 


D (r) r dP 
" P 


p 

r LdPj 


(3 6) 


The mercury porosimetry study was done with an automatic 
porosimeter (Mioromeritics Poresizer) under the following operational 


parameters 


Penetrometer volume 
Advancing contact angle 
Receding contact angle 
Mercury surface tension 
Mercury density 


5 2974 ml 
130 degree 
130 degree 
485 dyne/cm 
13 5335 g/ml 


central 

I I T KANWW 

4m No. AMgm 


The supports were directly introduced inside the pressure 
chamber and the system pressurized After the maximum pressure has been 
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applied corresponding to the filling of the smallest size pores the system 
was depressurized The pore size distribution function was calculated from the 
intrusion - extrusion curve It was plotted against the pore diameter 
3 3 4 Hitrogen adsorption - desorption 

Adsorption studies leading to measurements of pore size and 
pore size distributions generally make use of the Kelvin Equation [38] which 
relates the equilibrium vapour pressure of a curved surface such as that of a 
liquid in a liquid in a capillary or pore to the equilibrium pressure of the 
same liquid on a plane surface 

In I = - ^ C3 7) 

where P is the equilibrium vapour pressure of the liquid 
contained in pore of radius r and P is the equilibrium pressure of the same 
liquid exhibiting a plane surface The terms r and V are the surface tension 
and the molar volumes of the liquid respectively and & is the contact angle 
with which the liquid meets the pore wall 

In a pore wall the overlapping potentials of the walls more 
readily overcome the translational energy of an adsorbate molecule so that 
condensation will occur at a lower pressure in a pore than that normally 
required on an open or plane surface Thus as the relative pressure is 
increased condensation will occur first in pores of smaller radii and will 
progress into larger pores until at a relative pressure of unity 
condensation will occur on those surfaces whose radius of curvature is 
essentially infinite Conversely, as the relative pressure is decreased 
evaporation will occur progressively out of pores with decreasing radii 

The adsorption studies were done on Quantasorb Sorption System 
(Quantachrome Corporation USA) using nitrogen as the adsorbent and helium 
as the carrier gas 
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Samples for nitrogen - adsorption - desorption studies were 
prepared in the following manner Bars of 10mmX3mmX3Xmm were cut from 
the support samples They were then polished thoroughly with 800 grit SiC 
powder and ultrasonicated This type of sample configuration was chosen 
because it would fit the standard U — tube holder that was available with the 
Quantasorb System The porous support bars were degaussed at 300‘‘C for 8 hrs 
before measuring their surface area Next the porous supports were dipped in 
the prepared boehmite sol and then calcined at different temperatures viz 
500 C 600 C 700 C 800 C for 3 hrs The surface area and average pore 
diameter of the samples were determined at relative nitrogen partial pressures 
of 0 3 and 0 95 The total surface area of the support was subtracted from 
that of the support with membrane material to get the total surface area of 
the membrane only It was divided by the mass of the membrane material to get 
the specific surface area 

The single point BET method was employed to find the surface 

area The partial pressure of N^ was adjusted by controlling the flow rate of 

N^ and He The desorption signal was used because it generally gave a Gaussian 

curve Fdre N weis used to calibrate the signal Calibration volume was 1 ml 
z 

at attenuation 32 and 180 mA filament current 

The total surface area (S^^) by the single point BET is given 


by 




N 


A P 

C8 


BT 


-] 


where 


P 

P 


0 3 


(3 8) 


VA 

C 

V 

c 

N 

A 

C8 

P 


is the ratio of desorption to calibratiOTi signal 
IS the volume of calibration 
IS the Avagadro Number 

IS the cross sectional area of adsorbate molecule 


IS the ambient pressure 
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R IS the Gas constant and 

T IS the temperature of ambient 

The pore volume is the total amount or adsorbate adsorbed at 
0 95 partial pressure of the adsorbate This is the so called Gurvitsch rule 
Assuming cylindrical geometry the average pore diameter can be determined 

d = I X X ^ ^ ''r. X I X 10* i (3 9) 

cal RT t 

where ^^cax. meaning but measured at 0 95 

partial pressure 

and V IS the molar volume of N ( = 34 7 cm*) 

m 2 

3 3 5 X - Bsy Diffraction 

X - ray diffraction patterns (39 vs intensity) of powder 
samples were taken with Reich - Seifert Iso - Debyeflex 2002 diffractometer 
using CuKw radiation = 1 5418 K) 

X - ray analysis was carried out on the following samples 

a) Powder gel samples calcined at 300 C 400 C 500“c 600 C 700“C 800 C 
900 C and 1000 C to see the phase evolution of transition aluminas 

b) Supported membranes calcined at 600°C/3h 

The X - ray diffraction plots of the samples were measured in 
29 range of 10 to 72 for phase detection in powdered samples and 42 to 48 
for phase detection in supported membranes 

The d values were calculated using the Bragg s condition 

2d Sin 0 = ri^ (3 10) 

where n = order of reflection 

X = the wavelength of radiation 

d = the interplanar spacing 

e = the diffraction angle 

The d values so obtained were compared with ASTM standards to 


identify the phases present 
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Operational parameters for X - Ray Diffraction 

For powdered saiiples(gel- 

derived) 

For supported membranes 

Current voltage 

20 mA 30 kV 

20 mA 30 kV 

Tune constant 

10 s 

10s 

Beam slit width 

2 mins 

2 mins 

Detector slit width 

0 3 mm 

0 3 mm 

Scan speed 

3 /min 

0 6 /min 

Chart speed 

3 cffi/min 

1 2 cm/min 

Counts per minute 

5 K 

2 K 


3 3 6 Thennal Analysis 

3 3 6 1 Differential Themal Analysis (DTA) 

Any phase transformation or chemical reaction accompanied by 
absorption or evolution of heat can be readily detected by DTA For the 
present investigation a Shimadzu Model DTA was used Platinum crucible was 
used to hold the sample and the reference (a - Al^O^ in this case) 

The samples for thermal analysis (DTA and TGA) were prepared in 
the following manner Alumina sol prepared by the process described in Section 
3 2 1 was left in the oven to gel at 80 C in a covered petri dish After 48 
hrs it formed a monolithic mass This was then crushed in an agate mortar 
into a fine powder DTA was done on this powder heating it from room 
temperature to 1200 C The rate of heating was kept at 10 C/min The 
endothermic and exothermic peaks corresponding to a temperature difference 
(AT) between the test sample and the reference and signifying a chemical 
reaction taking place were used to characterize the phase transformation 
pathway of boehmite gels 
3 3 6 2 Thernograviiietry (TGr) 

The amount of weight loss and its rate for a sample heated 
progressively to higher temperatures are effective means of understanding 
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solid state reactions The technique known as thennogravimetry was employed 
for boehmite gels prepared by Yoldas method (section 321) The powdered gels 
were packed into a platinum crucible which was hung by a platinum wire inside 
a vertical coil wound furnace The weight loss was recorded by an electronic 
balance [Afcoset ER 1200 A (correct upto 0 0001 g)] The sample was heated at 
10 C/min till 1000 C The corresponding weight loss vs temperature data was 
recorded 

3 3 7 IR Studies 

The vibrational motions of the chemically bound constituents of 
matter have frequencies in the infrared regime The oscillations induced by 
certain vibrational modes provide a means for matter to couple with an 
impinging beam of infrared electromagnetic radiation and to exchange energy 
with it when the frequencies are in resonance In the infrared experiment the 
intensity of a beam of infrared radiation is measured before (I ) and after 
(I) it interacts with the sample as a function of light frequency (w) A plot 
of I/I versus wave number {1/v) is the infrared spectrum The identities 
surrounding environments and concentration of the chemical bonds present can 
be determined 

IR samples were prepared with powders prepared as in 
Sec 3 3 6 1 and calcined at 200 C 400 C and 600 C An as-dried powder was 
also taken The powders were mixed with KBr and pressed into small pellets 
( 1 1 cm with a steel die The reference sample was a pure KBr pellet The 
instrument make was Jasco Corporation (Japan) 

The plot of I/I vs wave number showing the progressive 
removal of organic groups in gel derived boehmite powder with increasing 
temperature was obtained 
3 3 8 Scanning Electron Microscopy 

The microstructure of the membranes were studied with a JEOL 
scanning electron microscopy (JSM 840 A Japan) In the present investigation 
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the fracture surface of the composite membrane wbls seen in the secondary 
electron emission (SE) mode Also the surface structure in a free standing 
meiribrane film was also seen The free standing membranes were prepared by 
leaving the sol in a polypropylene dish in a desiccator overnight for flake 
formation They were then calcined at 650 C for 3 hrs 

Before viewing under SEM the samples were sputtered with 
silver in a coating unit 
3 3 9 Water Pemeability Tests 

To measure the permeability of the supported membranes to 
liquids membranes were subjected to water permeation tests For that a 
special cell was designed [Fig 3 2] The cell was fitted to an 
ultrafiltration permeation system [Fig 3 3] The system employed was the 
unstirred mode ultrafiltration le unsteady state 

The flow of water through the membrane can be understood by the 
Kozney Carman Relationship for liquid permeation 

— = ^ 

A tA K T7 S <1 — e: )L 

Here A V is the volume of water permeability 
A t IS the time required 

A IS the available membrane permeation area 
e is the porosity of membrane 
L IS the thickness of the membrane 

S is the surface area /unit volume of solid material 

and K is the Kozney Carman constant 

This equation is in fact the Poiseule equation for viscous 
flow adapted for a porous medium 

Membrane samples calcined at 500 C 600 C 700 C and 800 C were 
used for measuring the water permeabilty Membranes were inserted in the cell 
and the system was pressurized The first reading was taken after the system 






Fig 3.3 Schematic diagram of the ultrafiltration set uo 
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has stabilized at 100 psi A total of three readings were taken at each 
pressure setting over different time intervals The volume that was collected 
over a given time interval was divided by the area (3 142 cm^) of the membrane 
and the time taken to get the flux Similarly the water flux was measured at 
150 200 and 250 psi A plot of water flux vs transiriembrane pressure was made 
for each membrane The Kozney Carman constant can thus be determined knowing 
the porosity and interval surface area of the membrane 
3 3 10 PEG Pemeation and Retention Tests 

The passage of large organic macromolecules through membranes 
is used to characterize the membrane itself In our study we used polyethylene 
glycol M W 4000 [Fluka] and polyethyleneglycol M W 6000 [S D Fine Chem] to 
study the flux decline behaviour and rejection characteristics of A1 0 

Z 3 

membrane 

The same cell and unstirred mode ultrafiltration system was 
used At the very beginning calibration curves of refractive index vs 
concentration were made for both PEG ^00 and PEG 6000 

Solutions of 0 0 5 1 2 and 4 wt % PEG were made for both 
the molecular weights Their refractive index was measured by a refractometer 
(Bausch & Lombe) 

For rejection studies a 1 wt % solution of the PEG was made the 
feed solution The pressure chosen was 150 psi The membranes were inserted 
and the system was pressurized After the pressure had stabilized the 
permeate was collected and its refractive index checked The corresponding 
value of the concentration was obtained from the calibration curve 

Solute rejection <SR) is defined as 

SR = j^l - X 100% (3 12) 

where C^. = concentration in feed stream 

C = concentration in permeate stream 

p 
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Thus the rejection values for all the membranes for both the 
PEG varieties were measured 

The flux decline characteristics of the membranes (500 600 

700 800) were investigated using PEG 4000 A 1 wt % solution of PEG 4000 was 
chosen as the feed The chosen pressure was 150 psi The flux of the permeate 
was measured at regular time intervals The duration of the PEG runs were 120 
minutes During this time the decline of flux through the membrane due to 
concentration polarization was observed 

Concentration polarization usually occur in unsteady state 
ultrafiltration due to the building up of rejected species at the membrane 
surface This results in an increase in osmotic pressure of the feed solution 
close to the membrane surface and a reduction in the driving force for 
ultrafiltration The flux equation can be written as 


J 



(3 13) 


where R is the resistance due to the membrane 

m 

R IS the resistance due to the polarization 

p 

A TT IS the osmotic pressure difference that builds up 
due to solute rejection 
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Fig 4 1 Variation of open and true porosity with 
sintering temperature for supports sintered for 
1 hour 
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in porosity At the highest sintering teirperature some pores begin to get 
isolated from the interconnected pore network due to pinching off of pore 

channels so that some closed porosity begins to appear 

Our interest is having all the pores open This and a total 

porosity of 40 - 50/ as well as the requirement of sufficient mechanical 

strength led to our choosing pellets sintered at 1100 C/ 1 hr as the 

candidate material for supports for our membranes 

4 12 Pore size and pore size distribution of the supports 

With the help of mercury porosimeter the pore size and pores 
size distribution of the supports was determined 

Fig 4 2 shows an intrusion - extrusion curve for the «-Al 0 

2 3 

support The steep gradient of the intrusion curve at 0 8 pm shows that 
the pores are essentially of one radius The intrusion data summary is listed 
below 

Total pore area = 7 399 m* / gm 

Median pore diameter = 0 0818 pm 

Bulk density = 2 3205 g/cc 

The value for the bulk density matches nicely with that derived 
from Archimedes method The very small pore size of the support itself 
ensures that the support is a very good micro porous membrane by itself with 
42% of pores ( all of which are open ) and an average pore size of 0 08 pm 

From the intrusion curve and eqn 3 6 the volume pore size 
distribution function is plotted against the pore size of the support [Fig 
4 3] It shows a peak at 0 08 pm corresponding to a unimodal pore size 
distribution All the pores are essentially of one size with a spread of 0 04 
pm 

The pore size and pore size distribution of the substrate 
material compare well with the available data Most workers procured high 
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Fig 4 2 Mercury Intrusion - extrusion curve for the alumina support 
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quality o - AljjOg support disks from the market with known pore sizes and 
used them as membrane supports In our case we had synthesized the supports 
ourselves The type of supports used by different workers and the type that 
we used are compared in Table 4 2 

Table 4 2 The different types of supports used by previous workers 


conpared to the ones used in this study 


Support material 

Size 

Avg pore 
radius 

Pore size 
distribu- 
tion 

Ref 

c-Al^Oa 

3 9cm 4> X 0 2 cm 

0 12 

Narrow 

11 


thick 

0 34 

Wide bimodal 

11 



0 80 

Wide bimodal 

11 

c-Al^Oa 

4 0cm 4> X 0 2 cm 
thick 

0 10 

Narrow 

23 

a-Al^Oa 

3 9cm 4> X 0 2 cm 
thick 

0 06 

Narrow 

24 

a-Al^Oa 

2 54cm </> X 0 3 cm 
thick 

0 04 

Narrow 

This 

study 


4 13 Fracture Strength Measurenents 

Fracture strength of small bars made out of the supports were 
measured using eqn 3 4 

A total of eight samples were tested The fracture strength 
varied from 62 59 MPa to 91 99 MPa 

Average fracture strength was 77 21 MPa For comparison it 
may be noted that the fracture strength of alumina bodies sintered at 1600 C ( 
99% sintered density ) is between 250 to 300 MPa 
4 2 EFFECT OF DIPPING TIHB ON MEMBRANE THECaOiKSS 

The cross sectional view of the fractured surface of the 
membranes as seen m SEM gave an accurate estimate of the thickness of the Y- 
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Al^Og layer Ideally the as deposited films should have been used to study 
the variation in film thickness with dipping time But according to Leenaars 
[ 11 ] the thickness of the calcined films are independent of the calcination 
tenperatures hence the calcined films are good enough for the purpose 

The variation of membrane thickness with square root of the 
dipping time in the sol is shown in Fig 4 4 The thickness of the membranes 
were determined from the fractured surface of SEM micro graphs [Fig 4 18 and 
Fig 4 19] by a method that has been described already The measurements were 
approximate due to local thickness variations From the figure it is seen that 
the membranes dipped for 10 seconds 20 seconds and 30 seconds in the sol gave 
results which can be fitted to a straight line with very high correlation thus 
proving that the slip casting mechanism is operating in this case The 
deviation observed in the plot for the 90 seconds membrane is quite 
substantial This could be due to an error in the measurement of thickness or 
there could be a real deviation from the slip casting mechanism This will 
need to be further studied 

These results show that the dip - coating process of casting 
the membrane top layer on the porous support is essentially a slip - casting 
process at least in the early stage Due to the high capillary forces sol 
particles get sucked inside the pores of the support This results in pore 
constriction and ultimate pore blocking The increased concentration near the 
support surface leads to gelation of the adhered layer Subsequent 
calcination results in a homogeneous membrane layer 

It must be remembered that the pore size of the support is an 
important parameter that determines the formation of the gel layer during dip 
coating in the sol If the sol concentration is too low and the pore size of 
support too large then gelation takes a longer time If the sol concentration 
is high and the support pore is too small then membrane layers tend to be 
thick and prone to cracking 
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Fig 4 4 Variation of membrane thickness with 
dipping time in the sol 
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Since our supports had pore size in the lower pore size range 
we chose a very dilute sol concentration to obtain crack free thin top 
layers The sol concentration chosen by us was 0 2 mol of boehmite/lt which 
compares with 0 72 mol/lt chosen by Leenaars et al [11] for coating supports 
with average pore radius of 0 34 /Jm 
4 3 PHASE ANALYSIS 

The X - ray diffraction patterns of gel - derived powders 
calcined at various temperatures is shown in Fig 4 5 The patterns 
corresponding to 300 C and 400 C are those of well crystallized boehmite At 
500 C the calcined powder shows the peak corresponding to ^ - Al^O^ There 
IS a slight shift in the ( 400 ) peak which is at 29 = 46 2 With increasing 
temperature the peaks corresponding to r "Al^O^ get sharper which signifies 
its complete crystallisation The powders calcined at 700 C and higher 
temperatures show an increase in the intensity of the ( 440 ) peak This shows 
the presence of a mixture of both the r and 6 phases The patterns for 900 C 
and 1000 C show a particularly large crystallite size 

The phases detected in calcined membranes by Leenaars et al 
[10] compared with our data is shown below 

Table 4 3 Coqparison of the Phases detected in calcined gels 


Temperature ( C) 

(Leenaars) 

Phase 

(This study) 

200 

r - AlOOH 


— 

300 

— 


r - AlOOH 

400 

r/s - Ai^Og 


r - AlOOH 

500 

r/<5 - AijjOg 


r - Ai^Og 

600 

r/s - 


r ~ Ai,o„ 

700 

r/<5 - AijjOg 


r/s - Ai^Og 

800 

r/6 - ai ^03 


r/6 - Ai^Og 

900 

e - Ai^Og 


r/6 - Ai^Og 

1000 

a - AI 3 O 3 


r/<5 - Alg^Og 







Fig 4 6 X - Ray diffractograms of the support and the 
supported membranes calcined at various 
temperatures 
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The X ray patterns of the meinbranes on the cn - Alij^Og supports 
were taken It is shown in Fig 4 6 The peaks of the substrate overlap with 
that of the membrane, which is r ~ Al^O^ However after comparing the pattern 
obtained from the substrate with that from the membrane it can be definitely 
said that there is a broad peak corresponding to r - Al^O^ at 46 ( 39 ) 

4 4 THERMAL ANALYSIS 

The TG plot of the powder sample dried at 80 C and heated at 
10 C/ ram is shown m Fig 4 7 There is a gradual weight loss till 450 C 
corresponding to the slow removal of organic and molecular water Maximum 
weight loss IS about 50/i After 500 C a constant weight is reached 

DTA plot in shown m Fig 4 8 The endothermic peak at about 
80 C correspond to the removal of alcohol A small exothermic peak at 224 C 
signifies removal of organics followed by an exothermic organic bum out peak 
at 255 C The crystallization onset is signified by the broad exothermic 
peak at about 516 C The exothermic peak at 1100 C correspond to the 
sintering process 
4 5 INFRARED SPECTRA 

The infra - red spectra of the gel derived powders are shown in 
Fig 4 9 As can be seen in the as dried powder the broad OH band (3000 
-3700 cm *) corresponds to intercalated water and /or alcohol groups The 
1600 - 1700 cm“* band corresponds to a stretching of C = C bonds it can also 
be an overtone of the OH band The 1300 - 1500 cm * band corresponds to the C 
-H bond ( bend in plane ) The sharp peak at 1400 cm“* is probably due to the 
butyl group which is attached to the A1 atom This peaks gets reduced in 
intensity with increaising temperature probabaly due to the removal of the 
butyl group as butanol At 600 C the only peaks are those of C = C and the 
OH The residual OH groups at 600 C probably lead to poor crystallization 
observed at that temperature 





Endothermre Exothemnrc 




Tronsmission 





ig 4 9 Infrared spectra of the gel derived powders as a functioi 
of temperature treatment 
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4 6 HITHDGEN ADSORPTION - DESORPTION STUDIES 

The specific surface areas and pore sizes of supported 
membranes calcined at 500 C 600 C 700 C and 800 C for 3 hours were measured 
using the shown in Table 4 2 

Table 4 4 Specific surface area and average pore diameter of 
supported fi-Al 2 C^ Benbranes calcined at different 
temperature for 3 hrs 


Temperature of 
calcination ( C) 

Specific surface 
area m^ /gm 

Average pore 
pore diameter (run) 

Porosity 

4 

500 

273 

3 9 

49 3 

600 

253 

4 2 

49 2 

700 

174 

6 1 

49 2 

800 

152 

7 2 

49 9 


The specific surface areas and average pore diameters were 
calculated using eqn 3 8 and 3 9 respectively and the porosity was calculated 
for the membranes assuming cylindrical pore geometry and assuming that the 
adsorption takes place on the curved surface of the pores [ Annexure I ] 

Fig 4 10 and 4 11 show the variation of specific surface area 
and the average pore diameter of the supported membranes with the calcination 
temperature 

It IS seen from Table 4 2 that the specific surface area 
decreases while the average pore diameter increases with increase in the 
calcination temperature Fig 4 10 and 4 11 show that the variations are 
complementary to each other The porosities of the membranes however remain 
the same This can be explained by the fact that with increasing temperature 
smaller pore density decreases and lager pore density increases This can 
happen if smaller size pores coalesce to form larger sized pores at higher 
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temperatures The nature of the plot in Fxg 4 10 show that the specific 
surface area shows a nominal decrease between 500 C and 600 C decreases 
sharply thereafter and then flattens out This corresponds to a coarsening of 
the microstructure Crystallization of - Al^Og continues between 500 C and 
600 C however after 600 C, when crystallization is over gram growth starts 
resulting in large grains which is also shown by the albeit slight narrowing 
of the X -■ ray peaks [Fig 4 5] The pore size variation shows a similar 
nature in the complementary sense which can also be explamed by similar 
reasoning 

4 7 WATER PERMEABILITY TESTS 

Table 4 3 shows the results for water permeability tests done 
on membranes calcined at 500C,600C 700 C and 800CmanUF cell m the 
dead end permeation mode The details of the ejqperimental procedures have 
already been provided [Sec 339] 

Table 4 5 Water Pemeability Results on nembranes calcined at 
different temperatures for 3 hours 


Pressure 

(Psi) 

Water flux (cm/s) x 10^ 

500*0 

membrane 

600 C 
membrane 

700 C 
membrane 

000 C 
membrane 

0 

0 

0 

0 

0 

100 

5 93 

7 36 

12 17 

17 24 

150 

8 47 

9 32 

17 35 

26 69 

200 

10 69 

11 89 

23 18 

35 29 

250 

13 03 

13 98 

26 74 

39 54 
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The variation of water flux with operating pressure is governed 


by Darcy s Law 


J 

V 


L AP 

p 


AP 


R T) 

m 


(4 1) 


Where 


V 

J 


membrane resistance 
membrane permeability 
viscosity of water 
water flux and 


AP = applied pressure 

The permeability is a measure of the pore size of the membrane 
For higher pore sizes the permeability is greater 

The variation of the water flux with pressure was indeed found 
to be linear conforming the above eqn and shown in Fig 4 12 The membrane 
permeabilities were obtained from the plot of water flux vs AP plots 

The permeability was found to increase with the calcination 
temperature of the membrane There is no appreciable change in the 
permeability at low calcination [0 0519 cm/s - psi X 10 for 500 C membrane 
and 0 0554 X 10'* cm / s- psi for 600 C membrane] But the permeability 
increases rapidly thereafter being 0 1086 X 10"'* cm / s - Psi for 700 C 
membrane and 0 16335 X 10'* cm / s - psi for 800 C membrane Thus there is a 
threefold increase in the permeability with increase in calcination 

temperature 500 C to 800 C 


The internal surface area/anit volume of the meibrane material, 
S, IS related to the membrane resistance R„ by the folloaing relation obtained 
by comparing Eqn 4 1 and Eqn 3 11 


r? K a^f S* L 


Here « = porosity of membrane 

T, = Viscosity of the liquid (gm/om-s) 
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K = Kozney Carman constant 
S - Surface area/unit volume of membrane 
material (cm*/cm^) 

Ij - Thickness of the membrane layer (cm) 

= Membrane resistance 

Eqn 4 2 suggests that ^ varies linearly with nR provided K 

m 

c , L are constant which is true in this case Figure 4 13 plots S ^ against 

TH 

2 

77 R^ for the four different membranes values are those obtained from BET 
and directly correspond to ^ values since the material is the same for the 
four membranes and the porosity is constant r 7 R values are taken from the 

m 

water permeability results The plot shows a linear dependence of S * on 7?R 

TD m 

and the correlation coefficient of the best fitted straight line was found to 
be 0 993 This shows that the results from BET tests and water flux 
measurements agree well, and the pore diameters predicted by both these 
methods match closely 
4 8 PEG Pemeation and Retention Tests 

The flux decline behaviour was studied using PEG 4000 in an 
unstirred mode ultrafiltration system with membranes calcined at 5(30 C 
600 C, 700 C and 800 *C for 3 hours The experimental details have already been 
explained [ 3 3 10] 

The variation of flux <J) was plotted against the time elapsed 
from the start of the experiment It is shown in Figure 4 14 The flux decline 
behaviour predicted from Egn 3 13 is indeed observed 

The flux decrease is fairly rapid for the membranes calcined at 
800“C and 700*C ( membranes with larger pore size) For 800 C membrane it 
drops from 1 05 x 10'^cnv's after 2 minutes to 0 28 x 10‘®cm/s after 138 
minutes It means a drop of nearly 73 % of the initial value For the 700 C 
membrane it shows a similar drop from 0 939 x 10 cm/s (after 3 minutes) to 
0 264 X 10~®cin/s (after 90 minutes) But for membranes calcined at 500 C and 
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(Psi-s /cm 



85 


600 C the decline is less spectacular (about 60 A for both) The initial flux 
for these membranes are also very low about 0 57 to 0 58 x 10“®cni/s 

The results can be understood by considering the phenomenon of 
concentration polarization due to osmotic pressure build up near the membrane 
solution interface Flux decline is not due to gel layer formation since the 
solute chosen PEG 4000 has a quite a low molecular weight and high gel 
concentration which can never be reached in practice [40] The osmotic 
pressure limited flux of solute is understood by Eqn 3 13 With the elapse of 
time the concentration of rejected solutes increase the membrane surface 
concentration and increases the osmotic pressure n of the solute near the 
membrane surface This results in the reduction of the driving force causing a 
decline of flux A constant downward trend is observed in the flux decline 
behaviour because the process is basically an unsteady state one and a 
constant constant flux value is never reached 

The faster rate flux decline for membranes with larger pore 
size can be explained as follows When pore size increases R decreases, 

m 

consequently the permeability of the solvent through the pore increases This 
result in a faster rate of transport through the pores which also cause a 
rapid increase of the concentration of the rejected solute near the membrane 
surface Since osmotic pressure is associated with this increase in the 
rapid increase in osmotic pressure cause a rapid decline in the driving force 
and consequently the flux Though the solute rejection is high for smaller 
pore sized membranes, due to high R^, flux is quite low and the decrease is 
less dramatic 

The flux decline behaviour as predicted by Chudacek and Fane 
[38], Wumans [39] and Daves [40] was put to test for these membranes In a 
manner similar to theirs a plot of 1/^ Vs time was made A best fit linear 
Plot confirmed their theory of unstirred batch ultrafiltration Whereas they 
proved the theory for higher molecular weight solutes, our present data match 


800 <>C 
700 “C 
600 “C 



u w 

® b 
0 


Fig. 4.14 Flux declined behaviour with PEG 4000 observed 
membranes calcined at different temperatures for 3 h 
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the same for lower molecular weight solutes as well The relevent plot is 
shown in Fig 4 15 All the lines of best fit had a correlation coefficient of 
0 99 

The y- intercept (c) of the line is related to the effective 
resistance by Rr; = AP X ■/ c 

From this relation the values for Rn obtained was 2 62 x 121* 
g/cm -s for 500 C membrane and 1 125 x 12pg/cm*-s for 800 c membrane These 
are much higher than that obtained from water run (2 x W^g/cm-s for 500 C 
and 0 625 X 12P g/cm-s for 800 C) The difference may account for the 
polarization resistance for these two membranes 

The solute rejection characteristics of these membranes were 
also measured using PEG 4000 and 6000 The results obtained are given in Table 
4 6 

Table 4 6 The observed PEG rejection of the membranes calcined at 
different beaperatures 


Temp C C) 

Pore diameter (nm) 

Observed 

Rejection 

PEG 4000 

PEG 6000 

500 

3 9 

40 16 

52 53 

600 

4 2 

31 97 

44 20 

700 

6 1 

23 77 

35 86 

800 

7 2 

15 57 

27 54 


A plot of the observed solute rejection against pore diameter 
was made [Fig 4 17] 

The general trend of decreasing solute rejection with 
increasing pore size for a particular solute was seen The rejection of PEG 
6000 for a particular membrane was higher than that of PEG 4000 for the same 
membrane This can be explained by the increase in the size of PEG with its 




4000 PEG 



Fig. 4 16 Calibration Curve for PEG 4000 and PEG 6000 
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molecular weight The rejection of the same PEG through a smaller pore is thus 
naturally higher 

The PEG retention results show that they are quite low as 
compared to the data of Leenaars [13] He obtained a value of 87 % for a 
similar pore sized membrane with PEG 6000 This discrepancy can be explained 
by considering the following 

The data presented here is for an unstirred cell Here solute 
rejection causes ari increase in the solute concentration close to the membrane 
surface In ultraf iltration this can attain a value of 12-16 times the feed 
concentration depending on the osmotic pressure behaviour of the solute [14 ] 


The real rejection 

(R ) defined as 

r 




Where 

c 

p 

= Permeate concentration 

and 

c 

m 

= membrane boundary layer concentration 


will then be quite high For the data presented here R will be close to 96 % 

T 

For unstirred cell data as presented by Leenaars stirring causes to 

decrease to a value close to C^. so that real rejection is approximately equal 
to the observed 

The above reason coupled with much higher operating pressure of 
150 Psi has probably resulted in much lower flux observed 

4 9 SCANNING ELECTION MICBDSOOFY 

Figure 4 18 and 4 19 show the crossectional view of the 
membrane top layer dipcoated for 10 seconds and 30 seconds respectively as 
seen on the fractured surface of the support The micrographs show a 1-2 A^m 
thick r - AljjOg layer on the porous « - Al^O^ support The gram size of y 
Al^Ogis very fme and could not be resolved properly This micrographs were 
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used for membrane thickness calculations Figure 4 20 shows the top surface of 
an unsupported r - Al^^Og membrane calcined at 600°C The micrograph shows 
largeagglomerated grains loosely packed with more or less homogeneous and 
xntercon-nected pores This kind of highly tortuous porosity is a typical 
feature of a - Al^Ogmembrane 
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.4 18 SEM Micrograph of a supported membrane dip coated fo 
10 seconds and calcined at 600’C for 3 hours 
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ig 4.19 SEM Micrograph of a coated for 

30 seconds and calcined at 600 C for 3 hours 


t 
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I 20 SEM Microcraph of an unsupported membrane calcined at 
600®C/3 hours showing the membrane ultrastructure 
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5 CONCLUSIONS 

1 This study entails the preparation and characterisation of supported 

membranes which were synthesized by sol-gel route The membranes 
were crack free and thermally stable 

2 The supports prepared from submicron a -alumina powder (0 3 turn) by 
conventional ceramic process route had a pore diameter of 0 08 Mm the 
lowest reported so far and a very narrow pore size distribution 

3 The membranes were deposited from the peptised boehmite sols prepared by 
Yoldas method having alkoxide water ratio of 1 150 Much lower sol 
concentration (0 2 moles of boehmite /It ) could be used for membrane 
deposition than reported earlier 

4 Dip coating technique was employed to slip cast the sol on the supports 
by varying the dipping time Much thinner and crack free membranes (about 
1 to 2 Mm) were obtained The thickness of the supported layer was found 
to be proportional to the square root of the dipping time there by 
confirming slip casting to be the deposition mechanism 

5 The porosity, average pore diameter and specific surface area of the 
membranes were found to vary with calcination temperature Although the 
pore size increased and specific surface area decreased with increasing 
calcination temperature porosity remained the same 

6 XRD studies on the calcined powders confirmed the presence of r -AlOOH at 

low temperatures (below 400 C) which subsequently changed to on 

further heating At still higher temperatures (800 C to 1000 C) mixture 
of and <5 phases were detected found to be present in the 

top layer of the supported membrane as well 
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7 A dead end permeation cell was used to study the water permeation 
characteristics of the membranes as a function of calcination temperature 
(500 C to 800 C) It was observed that the permeability increased with 
increasing calcination temperature thus validating the Kozney Canaan 
equation for liquid permeability The membrane resistance (R ) obtained 

Tn 

from the water permeability data and surface area / unit mass (S ) from 

m 

BET were found to be in excellent agreement when used in the fluid 
flow equation 

8 PEG flux decline behaviour of the membranes followed the unsteady flow 

equation Flux decline was higher for membranes of larger pore size This 

characteristic obtained for the first time proved that concentration 
polarization mechanism was applicable for ceramic membranes as well 

9 Low values of solute rejection were observed for membranes tested with 

PEG 4000 and PEG 6000 This is attributed to the concentration 

polarization mechanism operating in unsteady state permeation 
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SUGGESTIONS FOR FURTHER WORK 

1 prepared by the sol-gel method are potentially very 
exciting materials for applications in exotic fields like biotechnology 
and membrane reactors The material demands are high temperature 
stability narrow and uniform pore size distribution and high 
permeabilities Typical UF and RO membrane systems can be fabricated with 
these ceramic membrane modules In this area research can be extended to 
further narrow the pore sizes by deposition of inorganic species within 
the pores The present ultraf iltration membrane can then be used m the 
reverse osmosis role 

2 Gas permeabilities of these ceramic membranes need to be tested For that, 
and proper selectivity of gaseous species much greater care need to be 
taken in membrane fabrication to prepare membranes with more uniform 
thickness which are completely free from microcracks 

3 The experiments that have been carried out could be repeated in a stirred 
ultraf iltration cell using various other solutes like PVA Dextran and 
Black liquor to study membrane properties under steady state conditions 
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ANNEXURE - I 

THBORITICAL DETERMINATION OF POROSITY OF THE KOffiRANES 

Let n be the number of poreo / unit mdc>s of porous membrane If the 
pores are cylindrical with radius r and length h then the total volume of 
pores / unit mass of membrane material is equal to 

^ d^ 1 . 

^ — X h X n 

Let the total porosity of the membrane be P It is related to the 
sintered density by the relation 

^ atnlered densvty _ p 

Iheorttvcal density 

If theoritical density is p then sintered density = p (1-P) 
Therefore volume of pores / unit volume of membrane 

P = X h X n X p (1-P) (1) 


Assuming that condensation takes place on the curved surface of the 


the pores 


Total available specific surface area S - n a d h 

s 

whence n h = „ 

Substituting the value in (1) 

n n r-,v S 

P = — — P <1-P> ITd” 


(1-P) 


S d p 2 

— where S is in m /gm 


4000 


d IS m nm 


Using the value p 


& p IS in gm/cm 

3 65 gv® toT r - AljO, the porosities of the 


membranes were calculated 
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